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The object of this investigation was to study desa-
lination using evaporation through porous membranes and 
to estimate the economic potential of the method. 
The major factors affecting the economics were: 
l. The saline water temperature into the evaporator, 
ts 1 ; 2. the temperature driving force in the evaporator, 
DT; 3. the temperature driving force in the heat 
exchanger, DTEX; and 4. the saline water temperature 
leaving the evaporator,ts 2 . The optimum conditions based 
on cost of water product were studied by calculating 
water costs under a wide range of conditions. For any 
g1ven set of variables t 1 , DT, and t 2 , the optimum . s s 
value of DTEX can be found by setting the partial deriva-
tive of water cost with respect to DTEX equal to zero. 
The optimum values of DT and ts 2 are found by us1ng a 
numerical integration process from the hot end of the 
evaporator-condenser to the cold end. 
Computer calculations were used to study process 
economics under a number of possible conditions. The 
optimum conditions could be determined by inspection of 
the computer print out. Calculations were also made to 
determine the effect of a number of cost factors on the 
optimum water cost. Under conditions believed to be 
attainable, the cost of water is estimated to be as low 
as 0.46 $/1000 ga}lons using this method of evaporation. 
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membrane area required, ft 2 
heat exchanger area required, ft 2 
total membrane area required on production 
. f 2 basls, t 
2 
= area required ln the preheat exchanger, ft 
= interfacial concentration of saline water, 
3 lbmole/ft 
= cost of electrical power, $/day 
= cost of englne, $ 
= cost of heater, $ 
= cost of heat, $/day 
= cost of product water, $/1000 gal 
= cost of membrane, $/day 
= cost of main heat exchanger, $ 
= cost of motor, $. 
Xll 
= cost of the membrane evaporator-condenser, $ 
= heat capacity of saline water, Btu/lb"F0 
= cost of preheat exchanger, $ 
= principal items of equipment, $ 
= cost of pump, $ 
= bulk concentration of saline water, lbmole/ft 3 
= temperature driving force across the membrane, 
0 
ts-tf,F 




















boiling point elevation, F0 
unit cost of evaporator, $/ft 2 
unit cost of heat exchanger, $/ft2 
unit cost of heater, $/1000 Btu·hr 
unit cost of membrane, $/ft2 
unit cost of fuel, $/10 6 Btu 
enthalpy of saline water, Btu/lb 
xiii 
enthalpy of saturated vapor at saline water 
temperature, Btu/lb 
hs = heat transfer coefficient on saline water side, 
Btu/hr·ft2F0 
hf = heat transfer coefficient on fresh water side, 
Btu/hr·ft 2F0 






fresh or saline water, Btu/hr·ft2F0 
thermal conductivity of membrane, Btu/hr·ft 2F0 
overall mass transfer coefficient, 
lb/hr·ft2in Hg 
K = mass transfer coefficient ln saline water, 
s 
K 1 = mass transfer coefficient ln saline water based 
s 
on concentration driving force, lb•ft/lbmole·hr 
Ksf = mass transfer coefficient in vapor phase, 
lb/hr·ft2in Hg 
NA = evaporation rate, l.e., mass transfer rate, 
lb/hr 
N = evaporation rate, i.e., mass transfer flux, 
2 lb/hr·ft 
xiv 
P = total pressure, ln Hg 





facial surface, ln Hg 
total pressure minus the average vapor pres-
sure of saline water and fresh water, 
P - (Ps+Pf)/2, in Hg 
log-mean partial pressure of stagnant gas in 
the vapor space 
= vapor pressure of fresh water, in Hg 
= vapor pressure of saline water, in ~g 
= partial derivative of vapor pressure with 
temperature approximated by (Ps-Pf)/(ts-tf), 
ln Hg/F0 
= rate of heat transfer by conduction, Btu/hr 
= heat flux by conduction, Btu/hr·ft 2 
= heat transfer rate in the heat exchanger, 
Btu/hr 
= heat rate supplied by heater, Btu/hr 
= rate of heat transfer by evaporation, Btu/hr 
= amount of latent heat transferred, Btu/hr·ft2 
= heat required ln preheat section, Btu/hr 
= rate of total heat transfer, Btu/hr 
2 
= total heat flux, Btu/hr·ft 




= absolute temperature, R 





and fresh water, (ts+tf)/2+460, 0 R 
surface temperature ln saline water, °F 
surface temperature ln fresh water, °F 
0 temperature ln fresh water, F 
fresh water temperature leaving the evapora-
tor, °F 
XV 
tf2 = fresh water temperature entering the evapora-
tor, °F 
t = temperature ln saline water, °F 
s 
tsl = saline water temperature entering the evapora-
tor, °F 
ts 2 = saline water temperature leaving the evapora-
tor, °F 
ts 3 = saline water temperature leavi~g the heat 
excha~ger and entering heater, °F 
U = overall heat transfer coefficient, 
c 
2 0 Btu/hr·ft F 
Uh = overall heat transfer coefficient ln the heat 
2 0 
exchanger, Btu/hr·ft F 
Wsl = flow rate of saline water entering the evapor-
ator, lb/hr 
ws 2 = flow rate of saline water leaving the evapora-
tor, lb/hr 
XVl 
X = special unit for thickness of membrane) X=l 
equivalent to 0.0018 in thickness 
X' = thickness of membrane, ft 
A = enthalpy of saline water, Btu/lb 
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I. INTRODUCTION 
Evaporation lS a widely used method of separating a 
volatile solvent from a non-volatile solute. Evaporation 
is a thermally efficient process only when the heat 
supplied for evaporation is recovered and reused in a 
number of effects of stages at progressively lower tern-
peratures. In multi-stage flash evaporation, a solution 
under pressure is heated to a temperature above the boil-
ing point in the highest pressure stage of evaporation. 
It is then "flashed" to the high-pressure stage where it 
lS partially vaporized by its own sensible heat. From 
this stage it is successively passed to lower and lower 
pressure stages in each of which it is partially vaporized 
by the liquid's heat content and the temperature drops to 
a lower boili~g point in each stage. The vapor in each 
stage condenses giving up heat through a heat exchanger 
to the feed solution to reduce its heat requirement. 
This ,method appears to be one of the most economical 
methods for separating water from saline solutions such 
as sea water. 
Conventional multi-stage flash evaporation requlres 
a separate chamber for each effect. Heat consumption is 
reduced by using an increased number o£ stages, with each 
stage maintained at a different pressure. The more the 
number of e££ects, the higher is the efficiency, and the 
2 
more complex is the equipment required, the higher is the 
cost of equipment. 
Findley (4) suggested that a possible method for 
desalting sea water was the removal of water from a saline 
solution by evaporation through a non-wettable porous 
membrane and condensation into a coolant on the other 
side. The evaporation-condensation is reduced to the 
essentials only, and as in "flash" evaporation, the only 
requirement is solution, vapor, and condensate separated 
and at suitable temperatures. These requirements can be 
met by a solution layer, vapor in pores, and a condensate 
layer. A single pore, with liquid excluded, acts as a 
small single stage of flash evaporation. The heat of 
vaporization transferred to the condensate can be 
recovered by countercurrent heat exchange to the solution. 
On this basis a porous membrane could act as an infinite-
stage flash evaporation. In this work flash evaporation 
is considered to be evaporation produced by sensible heat 
ln the saline liquid. 
To evaluate this method it is necessary to study 
its economic potential. The purpose of this investigation 
lS to study a 10 million gallons per day desalting plant 
by evaporation through porous membranes, and determine 
the water cost and how the costs vary with different 
conditions, including the effect on the economics of 
various cost factors. 
3 
II. LITERATURE REVIEW 
A. Method of Optimum Search 
In evaluating the process of desalination studied 
in this investigation, it was necessary to consider heat 
and mass transfer from a liquid saline water to a mem-
brane interface, through a membrane containing vapor and 
solid phases, and from the other membrane interface to a 
liquid water phase. Since the conditions of temperature 
and vapor pressure which provide the driving forces for 
heat and mass transfer vary throughout the process in a 
non-linear manner, the most feasible way to carry out 
calculations is by incremental calculations from one end 
of the process to the other using increments small eno~gh 
to be considered linear or at constant conditions. 
To evaluate the effects of various evaporator end 
conditions, it is possible to calculate the heat 
exchanger requirements, the equipment costs, the operat-
ing costs, and the total water costs after each increment 
of the evaporator if the temperature driving forces in 
the heat exchanger and evaporator are known. Since 
incremental calculations are required for the evaporator 
to obtain mass and heat transfer, this is a convenient 
way to search for optimum outlet conditions, with given 
inlet conditions. The calculations could be carried out 
in the opposite direction if required. 
The temperature driving force in the evaporator has 
a non-linear effect on the mass transfer throughout the 
evaporator and must be evaluated by a search technique 
involving an incremental integration for each drivi~g 
force of the evaporator involved. The driving force in 
the heat exchanger portion of the system has a readily 
differentiable relationship with costs if the evaporator 
conditions are fixed and if heat transfer coefficients 
and specific heats are assumed constant. This general 
method h~s been studied by Yang (14), but under assump-
tions which have been since shown to be unrealistic. 
B. Basic Equation for Heat Transfer through Film-
Membrane-Film 
When hot saline water and colder fresh water are 
4 
separated by a membrane, a temperature gradient exists ln 
the pores of the membrane with a corresponding change ln 
vapor pressure due to the change in temperature. 
If the vapor pressure at the hot saline water sur-
face, 5 in Figure l, is_ greater than the vapor pressure 
at the colder fresh water surface 6, evaporation will 
occur at the solution surface and vapor, M, will diffuse 
or flow through the pores to the colder surface, where 
they will condense. The latent heat, q 1 , will be 
carried by means of evaporation in addition to the heat 



















Figure 1. Heat transfer through film-membrane-film 
5 
6 
The heat conduction (1) ~n the solid part of the 
membrane can be expressed as follows: 
(1) 
The heat removed from the saline water by evapora-
tion can be expressed as follows: 
= fl.H N 
a 
(2) 
The total heat transfer from the hot saline water to 
the cold fresh water is the sum of the heat transfer by 




If the system is'one of steady state, there would be 
a constant heat flux qt' and the heat transfer at the 
bound~ries, X= X1 and X= X2 , is given by the Newton's 
"Law of Cooling" (1) with heat transfer coefficients hs 
and hf' respectively. 
= h s (t -t ) s 1 (4) 
7 
Assuming equal film heat transfer coefficients on 
both sides of the membrane, hs = hf = hsf' gives 
(5) 
The heat transfer through the film-membrane-film 
with constant heat flux can be expressed as an overall 
heat transfer coefficient, U , as: 
c 
where 
= u l'l.t 
c 
6. t = t 
s 
(6) 




= Driving Force 
Resistance 
is the driving force across the resls-
C. Basic Equation for Mass Transfer through Film-Mem-
brane-Film 
The mass transfer is due to the concentration gra-
dient by diffusion. Diffusion from the hot saline water 
to the membrane surface results from a concentration 
gradient, C -C 1 , and the mass transfer flux, N, can be s a 
expressed as (7): 
8 
N = K 1 C C ~C 1 > (7) s s a 
Taking the vapor pressure of water corresponding to 
Cs and Cal to be Ps and Pal' then the mass transfer flux 
can be expressed as: 
N = K (P -P 1 ) s s a ( 8) 
In diffusion thro~gh a stagnant gas present 1n the 
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Combining equations 8 and 11, and assum1ng there lS 
no mass transfer resistance on the water side, the 
9 





N ( 13) = p -P . 
s a2 
Because it is difficult to obtain the value of Pa2 ' 
the vapor pressure of water at the membrane fresh water 
interface, it is convenient to define K 1n terms of the 
m 




p -P . 
s f 
(14-) 
P was taken to be 0.96 times the vapor pressure of 
s 
water at t , based on the assumption that water follows 
s 
Raoultts Law in the relatively dilute 7% salt solution. 
D. Correlation of Transfer Coefficient 
Previous studies (10, 11, 13) attempted to find the 
best type of membranes for heat and mass transfer in this 
type of water desalination. It is desirable to have 
higher coefficients of mass transfer and lower coeffi-
cients of heat transfer. Thus far fluorocarbon-glass 
fiber membranes appear to be most satisfactory and heat 
and mass transfer coefficients have been studied under 
various conditions with this type membrane. 
In a previous economic investigation, Yang (1~) 
assumed that U = 13.0 Btu/hr·ft 2F0 and K = 0.3 
c m 
lb/hr·ft2in Hg, with both assumed constant, based on 
10 
previous work (10, 11). However, later results (13) showed 
that the mass transfer coefficient is influenced by flow, 
temperature, pressure, and the thickness and density of 
the membranes. 
Yeh (13) correlated experimental data on evaporation 
of saline water through a porous membrane with a semi-
empirical equation. He suggested that these data can be 
correlated by the following equation. 
For the mass transfer: 
X(Pb) 1 = 7.~06 ave + 0.006~2 aP A 
Km (T)3/4 aT 
(Pb) 
+ 3.762 ave- 0.643 + 0.043 (~T-E) 
<T)314 (15) 
The first and third terms of equation 15 include the 
diffusivity of water vapor in air in the denominator of 
the combined constant terms making up the numerical 
coefficients. The second and third terms include an 
estimated hsf value of 310 in the denominator of constant 
11 
terms making up the coefficients. If the diffusivity or 
hsf values change, equation 15 requires modification. 
Equation 15 indicates that as temperature increases, 
the resistance, 1/K , decreases due to the first and 
m 
third terms but increases due to the second term due to 
increased ~PlAT values at higher temperatures. At high 
temperatures the second term dominates the resistance and 
cancels the advantage of high temperatures where ~P/~T 
produces a higher AP driving force. This is because the 
mass flux is limited by liquid film heat transfer coeffi-
cients. 
In this type of evaporation, it is also important to 
know the rate at which heat is conducted through the 
membrane, because conduction transfers heat from the salt 
solution and lowers its temperature without producing any 
evaporation. To calculate the temperature driving force 
at any point it is necessary to know the amount of heat 
which has been conducted through the membrane as well as 
the evaporation which has taken place. 
Yeh (13) has also determined an equation giving the 
overall heat transfer coefficient for conducted heat. 
This equation for the heat transfer coefficient by 
conduction is 
1 




1 __ 2_K aP .A 
hsf maT 
+ _1_( . 1 ) 




Several methods of desalination us1ng evaporation 
through porous membranes were studied (10, 11, 13) to 
12 
approximately estimate the economic value of this method. 
One method of operation which from the calculated results 
appeared to be economical (14) is shown in Figure 2. 
A. Process Description 
Entering sea water lS pumped into the apparatus, 
with filtration and chlorination, if necessary, to remove 
trash, fish, and other marine life and to prevent the 
growth of biological material. The sea water first flows 
through the preheat section, utilizing sensible heat from 
product water, then combines with the recycle concen-
trated sea water and flows through the heat exchanger, 
leaving at the temperature, t 3 . The hot sea water is . s 
further heated ln the heater to the temperature tsl' 
The hot feed sea water then flows on one side of the 
membrane. The water component of the hot saline solution 
evaporates and diffuses through the pores of the membrane 
and condenses on the cold water side. The saline solution 
flows with progressively lower temperature, smaller mass 
flow, and slightly increased concentration. Meanwhile 
product water flows countercurrently with progressively 
h~gher temperature and mass flow as it received the 
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F~gure 2. Flow diagram for desalination by evapora-
tion through porous membranes. 
14 
The fresh water leavi~g the evaporator at tfl first 
flows through the heat exchanger and then the preheat 
section in order to_ give up heat to incoming sea water. 
After that, it is divided into two streams, one lS 
recycled to the evaporator and the other is pumped to 
storage or usage. The saline water leaves the evaporator 
at ts 2 and at an assumed concentration of 7% salt. A 
portion is recycled and combined with fresh sea water and 
the waste leaves as concentrated brine. 
B. Mechanism in Evaporator-Condenser 
The diagram shown in Figure 3 lS useful in illus-
trating the method of calculation. The figure is an 
infinitesimal section of membrane evaporator-condenser, 
which is the basis of the calculation. The hot saline 
water and cold pure water flow countercurrently with the 
same mass rate on each side of a porous membrane. In 
order to simplify the process, we assume the system is 
well insulated and there are negligible end effects. The 
activity of the water in the saline solution is assumed 
independent of temperature and equal to the fraction, 
0.96, and constant in spite of small concentration 
changes. However, the mass transfer coefficient, K , and 
m 
the heat transfer coefficient, U , are influenced by 
c 
flow, temperature, pressure, and the thickness and other 
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15 
Figure 3. Schematic diagram for simultaneous mass 
transfer and heat transfer, 
16 
From equation 14, the rate of the mass transfer can 
be expressed as 
(17) 
From Equation 2, the rate of the heat transfer by 
vaporation and condensation can be expressed as 
(18) 
From equation 6, the rate of the heat transfer by 




Assuming the heat transfer by other means is of 
negligible importance, the rate of total heat transfer 
by conduction and by condensation can be expressed as 
(20) 
Let Ws be the average saline water flow in a infin-
itesimal section, and C be the heat capacity of saline p 
water. The total heat transfer can also be approximately 
expressed by a heat balance as 
17 
(21) 
Combining equations 17, 20, and 21, the following 
equation can be obtained 
Also, 
dA 
w c dt 
= s p s 
K h(P -Pf) + U (t -tf) 
m s c s 
h + 
u (t -tf) 
c s 
c dt p s 
K (P -Pf) m s 
We will assume this method of desalination is to 
(22) 
(23) 
6 produce 10 million. gallons per day (3.47xl0 lb/hr) of 
fresh water by vaporozation through porous membranes. 
The calculations are also based on a twenty years plant 
life. 
C. Cost of Membrane 
Let NA be the flow of condensed water product in 
lb/hr, and A be the effective sum of the area of incre-
ments of the membrane in ft 2 based on Wsl = 1000 lb/hr, 
the flow rate of saline water entering the evaporator. 
The total membrane area required, A , based on 10 million 
m 
gallons per day can be expressed as 
18 
A = 3.47xl06 A 
m NA 
(24) 
The cost of all equipment depends on size, temperature, 
pressure, properties of material, and the duty to be per-
formed. Unit cost factors can be estimated considering 
the temperature, pressure, fluid, and corrosion. 
The cost of membranes was estimated based on material 
costs (glass fiber and teflon dispersion) plus an esti-
mated papermaking cost to produce a sheet. The material 
costs for a one unit thickness sheet is about 4.8 ¢/ft2 
and the cost of papermaki~g under large-scale conditions 
is estimated to be about 1 ¢/ft2 . The total membrane 
sheet cost is thus estimated to be the sum of the above, 
or 5.8¢ per square foot.(l3) Thus, 
FOMB = 5.8 ¢/ft2 for four months operation 
= 4.73xl0- 4 $/ft 2 ·day 
The cost of membranes, C , in dollars per day can 
nun 








D. Cost of Evaporation 
The apparatus to support the membranes, or the 
evaporator equipment, would not be similar to a conven-
tional evaporator, but would be more similar to a heat 
excha~ger. For this reason, as an estimate, costs for 
evaporator equipment were assumed to be similar to a 
double pipe heat exchanger. First calculations were 
based on equal cost per square foot for heat exchangers 
and evaporator equipment in a double pipe apparatus. Let 
FOEV be the unit cost factor of evaporator equipment, and 
from reference (12), it is estimated that 
FOEV = 2.0 $/ft2 
The cost of evaporator, C , in dollars is obtained 
oev 
by the product of total membrane area required, A , 
m 
given by equation 24 and the unit cost of evaporator. 
c 
oev 
= 3.47xl0 6 NA FOEV 
A 
E. Cost of Heat Exchanger 
( 26) 
The purpose of the heat exchanger is to heat saline 
water and concentrated recycle saline water from the 
temperature at ts 2 to ts 3 . Let Wsl be the flow rate of 
saline water, and 1.1 Btu/lb·F0 be the heat capacity of 
salinewater and fresh water in this temperature range, then 





Let DT be the temperature difference in the evapora-
tor, ts-tf' and assume it is constant. Also let DTEX be 
the temperature difference in the heat exchanger, tf1-ts 3 ' 
and assume it is constant. 
That is DT = 
and 
t -t 
s f (28) 
(29) 
The elevation of temperature, ts1 -ts 3 ' in the heater 
is equal to the sum of the temperature driving force of 
DT and DTEX. 
That is ( 30) 
Therefore ts 3 = tsl - DT - DTEX (31) 
Substituting into equation 27 
(32) 
Let Uh be the overall heat transfer coefficient in 
the heat exchanger, then Q , the heat transfer rate in 
· ex 
the heat excha~ger can also be expressed as 
Therefore 
or 
1.1 Wsl (ts1 -DT-DTEX-ts 2 ) 
Uh DTEX 
Converted to a 10 millions gallons per day (3.47xl0 6 
lb/hr) water production basis, equation 35 becomes 
1.1 x 1000 (ts 1 -DT-DTEX-ts 2)3.47xl0
6 
Uh DTEX NA 
Where NA is the product water 1n lb/hr based on Wsl = 





will vary depending on conditions. As an estimate, costs 
for heat exchanger equipment were first assumed to be 
similar to a double p1pe heat exchanger. If FOEX is the 
unit cost factor of heat exchangers, 
FOEX = 2.0 $/ft2 
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The cost of main heat exchanger, C , 1n dollars 
· mex 
can be obtained by applying equation 36 and the unit cost 
of main heat exchanger. 
c = 
6 1.1 x 1000 (ts 1 -DT-DTEX-ts 2 ) 3.47xl0 FOEX 
mex Uh DTEX NA 
(37) 
The purpose of the preheat section is to heat the 
feed saline water from ambient temperature (assume 70°F) 
to the temperature ts 2 by utilizing the hot product 
water, and also to cool recycled fresh water. Assume the 
average heat capacity is 1.0 Btu/lb·F0 in this low 
temperature ra~ge. Let Qph be the heat required in this 
perheat section based on 20 million gallons per day feed 
saline water, the amount required to produce 10 million 
. gallons per day of fresh water. 
Therefore 
6 
= 1.0 (ts 2-70) 6.94xl0 (38) 
Let Uh be the overall heat transfer coefficient and 






= 1.0 (ts 2-70) 6.94xl0 





The cost of preheat exchanger, C , in dollars can pex 
be obtained by equation 41 and the unit cost of preheat 
exchanger. 
c = pex 
6.94xl0 6 (ts 2 -70) FOEX Uh DTEX 
F. Cost of Heater 
The purpose of the heater is to elevate the feed 
(42) 
saline water and concentrated recycle saline water tern-
perature ts 3 to temperature tsl' From equation 30, 
ts 1 -ts 3 = DT + DTEX, which means the elevation of temper-
ature in the heater is equal to the sum of the temperature 
driving forces in the evaporator, DT, and the heat 
exchanger, DTEX. 
If the heat capacity is assumed to 1.1 in this high 




Let NA be the product water in lb/hr based on Wsl = 
1000 lb/hr. Converted to 10 million gallons per day 
water production basis, equation 43 becomes 
6 
Qh = l.l.W (t -t ) 3.47xl0 
sl sl s3 NA 
= 3.82xl0 9 (DT + DTEX) INA (44) 
Let FOHR be the unit cost factor of the heater from 
reference 12 on boilers. Since no steam must be pro-
duced in this heater, it was assumed: 
FOHR = 1.09 $/1000 Btu·hr. generating capacity 
The cost of heater, Ch , in dollars can be obtained 
er 
by applying equation 44 and the unit cost of heater. 




G. Cost of Heat 
Let FOHT be the unit cost factor of fuel, then from 
reference 12, it is estimated 
FOHT = 0.25 dollars per 10 6 Btu 
The cost of heat, Cht' in dollars per day can be 
obtained by applying equation 44 and the unit cost of 
heat. 
3.47xl0 6 FOHT x 24 = 1.1 x 1000 (DT + DTEX) 
NA 
= 9.168xlo 10 (DT + DTEX) FOHT 
NA 
(46) 
H. Cost of Pump, Engine, Motor, and Electrical Power 
The following costs were estimated and assumed to be 
constant to provide for pumps, an engine to recover 
hydraulic energy, motors, and electrical power.(l2) 
These costs are not accurate, and C would be zero at 
eng 
atmospheric pressure. However, since their effect on 
economic calculations is negligible, they were used as 
constants. 
c pmp = cost of pump = $4,500 
ceng = cost of englne = $9,000 
c = cost of motor = $3,009 mot 
c = cost of electrical power = 8,$/day el 
I. Total Cost Eq u·ation 
Following the procedure. given by the Office of 
Saline Water, the water cost can be evaluated by the 
following equation(l2): 
Principal items of equipment, 
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c . = c + c + c + c + c + c + c ple oev mex pex her pmp eng mot 
Total operating costs for one stream day, 
c = c 1 + cmm + cht + 5.90~10- 4 c . + 380.2 toe e ple 
-4 The constant factors of 5.90xl0 and 380.2 are 
established from reference 12. 
Cost of product water per 1000 gallons, 





Substituting equations 25 through 48 into equation 
49 allows the cost of product water per 1000 gallons to 
be expressed as 
c = ct xl0- 4 
~g oc 
= 10-4- ( C 1 +C +Cht+S. 90xl0-4- {C +C e mm oev mex 
+ c + ch + c + c + c } + 3 8 o . 2 ) pex er pmp eng mot 
27 
-4-c 6 A 10 (DT+DTEX) 
= 10 8+3.47xl0 rr-FOMB+9.168xl0 N FOHT 
A A 
-4- 6 A 9 Ct81 -DT-DTEX-t 82 ) 
+5.90xl0 {3.4-7xl0 rr-FOEV+3.82xl0 U DTEX N 
A h A 
6 6.94-xlO (ts2-70) 9DT+DTEX 





FOEX)/CNA Uh DTEX) + 0.03979 (50) 
J. Optimization of Total Cost Equation 
In equations 22 and 23, A and NA are functions of 
t 51 , t 82 , and DT, and can be obtained by numerical inte-
gration. 
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Since there are a number of variables, includi~g the 
temperature difference across the membrane, the tempera-
ture difference in the heat exchanger, mass transfer 
coefficient, heat transfer coefficient, saline water 
flow, inlet and outlet saline water temperatures, etc., 
each variable should be considered. However, some of 
these variables have only a small effect on the economics 
of operation, and we can assume these to be constant in 
the calculation procedure. 
In this study, if tsl is specified, the major 
independent variables remaining for optimazation are: 
1. The temperature drivi~g force in the evaporator-
condenser, DT; 2. the temperature difference in the heat 
exchanger, DTEX; and 3. the temperature leaving the 
evaporator-condenser, ts 2 . 
In order to find the minimum cost of water product, 
the best way to_ get the optimum value of a particular 
variable is to partially differentiate the total cost 
expression with respect to the variable and set the par-
tial derivative equal to zero. Due to the fact that the 
total cost of water is a result of numerical integration 
involving two of the important variables t 2 and DT, this . s 
would be extremely complex. However at given values of 
ts 2 and DT, the temperature difference in the heat 
exchanger, DTEX, can be optimized by differentiating the 
total cost equation with respect to this variable and 
setti~g this derivative equal to zero. 
cmg = 
DTEX O 
The following equation is then obtained: 
t -DT-t 





This equation can be solved for DTEX if tsl' DT, ts 2 ' and 
unit cost factors are known giving 
DTEX = 
9.168xl0 6 (FOHT) + 225.3 FOHR 
t -DT-t t -70 
225.3( sl U s 2 )FOEX+0.4096NA( 82 ) FOEX 
h uh 
(53) 
This result can be substituted into equations 47 to 49, 
and the cost of water product at a g1ven increment of ts 2 
in the evaporator-condenser can be found with DTEX 
optimized. In this study, the following procedure is 
used to find the optimum set of conditions. 
Given the value of tsl and DT, a computer program 
can be used to compute the heat and mass transfer coeffi-
cient, the required membrane and heat exchanger areas, 
the optimum value of DTEX, and cost of water product at 
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various increments of ts 2 . The incremental calculations 
can then be repeated at different values of DT. The 
optimum set of conditions can be found by comparing 
results at various ts 2 values at a given DT and compari~g 
the optimum cost values at. given temperature differences 
with those at other DT values. 
K. Computer Program 
The followi~g steps make up the computer program: 
1. Set the initial value of tsl' the increment 
size in t 82 , and the initial value of DT. Then 
proceed as follows for each increment in order 
of decreasing ts 2 . 
2. Calculate the heat and mass transfer coefficient 
for the increment of ts 2 . 
3. Evaluate the required area of membrane for the 
increment and add to previous area obtained. 
Add incremental values of water product. 
4. Evaluate the optimum DTEX. 
5. Calculate the cost of water per 1000 gallons. 
6. Set the new increment of ts 2 from the previous 
ts 2 to a·new ts 2 reduced by the increment size 
and repeat steps 2 through 5 until ts 2 = 100°F 
or less. 
7. Increase DT by the desired increment. 
8. Repeat from steps 1 through 7 up to DT = 25 F0 • 
The print out of results obtained can be searched 
manually for lowest water costs and the corresponding 
optimums of t 82 and DT. 
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The computer program written 1n Fortran IBM 360 is 
attached as Appendix D. 
IV. RESULTS AND DISCUSSION 
A. Effect of Unit Cost Factors of Evaporator, Heat 
Exchanger, Heater, and Membrane on Water Cost 
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In this study, inlet temperatures of the saline water 
into the evaporator-condenser at 250°F or 212°F are 
assumed to be practical. Incremental computer methods 
are used to calculate the cost of water product. In the 
computer program, there are several unit cost factors, 
such as; 
FOEV = the unit cost of evaporator, $/ft 2 
FOEX = the unit cost of heat exchanger, $/ft 2 
FOHR = the unit cost of heater, $/1000 Btu·hr 
FOMB = the unit cost of membrane, $/ft 2 
FOHT = the unit cost of fuel, $/10 6 Btu 
The above cost factors were held constant in pre-
vious studies by Yang (14) at values estimated from the 
literature. These values were those used as starting 
values in this study. However, the method of evaporation 
under study has several characteristics which may allow 
reduced costs of both equipment and operation. For the 
evaporator costs, a relatively safe assumption 1s that 
equipment similar to a double pipe heat exchanger could 
2 be used to support membranes for about 2.0 $/ft • How-
ever no large pressure differences are required across 
the membrane and it is possible relatively inexpensive 
acreeni~g material could be used as a spacer and support 
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between a number of membranes operating in parallel. 
Similarly low pressure differences in the heat exchanger 
could allow the use of relatively thin metal sheets with 
screen spacers, or heat exchange tubes similar to 
inexpensive sheet metal flues. Also, the improvement of 
heat transfer coefficients would have an economics effect 
identical to a certain change in FOEX. 
The costs of membranes could be reduced by increased 
life of membranes, lower cost materials, or increased 
transfer rates. The cost of fuel or heat could be reduced 
by using waste heat from a power generating facility for 
commercial power or from a power generating facility for· 
a reverse osmosis, vapor recompression, electrodialysis, 
freezing, or other desalination process requiring power 
input. Solar heat could also be used for this type 
evaporation with potential-cost savings. 
The use of lower cost factors in the calculations in 
this investigation do not imply such factors are achiev-
able, but rather that such factors are conceivable, and 
that the study of the effects of cost factors could 
indicate the most appropriate area for further develop-
ment. 
The above cost factors influence greatly the cost of 
the product water. Tables I through XII in Appendix C 
show the results of cost calculations at various values 
of the unit cost factors while keepi!lg the other unit 
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cost factors constant. The results are shown for enter-
ing saline water temperatures of 250 and 212°F into the 
evaporator, and at various DT driving forces. DTEX 
values used are the calculated optimum. Table I is based 
on a saline water temperature into the evaporator of 
250°F, with the variable factor as FOEV, the cost of 
evaporator apparatus per ft 2 , which changes from 2.0 to 
0.25, while the other unit factors are kept constant. At 
first FOEV is 2.0 and DT = 5, then DT is increased in 5°F 
steps until DT = 25. The procedure was next repeated with 
the FOEV value equal to 1.0. Each row is the minimum 
water cost at the constant DT, obtained by inspection 
with increments of ts 2 . 
l. Effect of FOEV. In Tables I and II, Appendix C, 
the optimum value of water product cost at various of 
FOEV at different tsl can be compared as follows: 
0 At t 51 = 250 F, 
FOEV DT 
2.00 15 









% Decrease in 
mg Product Water Cost 
165 l. 72 7 0.0 
155 l. 49 7 13.3 
145 l. 369 20.7 
140 l. 300 24.7 
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At tsl = 212°F, 
ts2 c 
% Decrease in 
FOEV DT DTEX mg Product Water Cost 
2.00 15 8.01 132 1. 77 8 0.0 
1. 00 15 8.51 122 1.547 13.0 
0.50 10 8.54 127 1.401 21.2 
0.25 10 8.77 122 1.316 26.0 
From the above values with t 81 at 250°F, the optimum 
cost of water decreases only about 24.7% with a reduction 
of evaporator equipment cost of 87.5%. A similar result 
is obtained for t 81 = 212°F. 
2. Effect of FOEX. In Tables III and IV with FOEV 
at 2.00, FOEX varying from 2.00 to 0.25, and other cost 
factors constant calculations show the minimum values of 
the water product cost at t 81 = 250°F and tsl = 212°F. 
The effect of FOEX is as follows: 
At t = sl 250°F, 
ts2 c 
% Decrease in 
FOEX DT DTEX mg Product Water Cost 
2.00 15 8.55 165 1.727 0.0 
1. 00 15 6.05 165 1. 5 70 9.1 
0.50 15 4.15 170 1.456 15.7 
0.25 15 2.93 170 1.372 20.6 
At t = sl 212°F, 
ts2 cmg 
% Decrease in 
FOEX DT DTEX Product Water Cost 
2.00 15 8.01 132 1.778 0.0 
1.00 15 5.67 132 1.620 8.9 
0.50 15 3.87 137 1. 505 15.3 
0.25 15 2.74 137 1.421 20.0 
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From the above values, if the unit cost factor for 
heat exchangers is reduced 87.5%, from 2.00 to 0.25, the 
cost of product water is decreased only about 20%. 
3. Effect of both FOEV and FOEX. If both FOEV and 
FOEX are reduced from 2.00 to 0.25, then Tables V and VI 
show the minimum value of the water product at the vari-
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FOE.V % Decrease in 
_F_O_E_X ___ D_T __ ~D~T~E~X~--t~s~2~--C~m~g~~P~r~o~d~u~ct~-W~a~t~e~r~C~o~s~t 
2.00 15 8.01 132 1.778 0.0 
1.00 15 6.02 122 1.392 21.7 
0.50 15 4.37 117 1.154 35.1 
0.25 10 3.02 127 0.956 46.2 
In reducing simultaneously FOEV and FOEX, the cost 
of water product may be decreased approximately the same 
percent~ge as the sum of the separate reductions. 
4. Effect of FOMB. Keeping FOEV and FOEX at the 
value of 0.25 and reduci~g the FOMB from 0.000483 to 
0.000241, Tables VII and VIII show the minimum cost of 
product water at various values of FOMB are as follows: 
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At tsl = 250°F, 
ts2 c 
% Decrease in 
FOMB DT DTEX mg Product Water Cost 
0.000483 10 3.20 160 0.944 0.0 
0.000241 10 3.36 150 0.797 15.6 
At t = sl 212°F, 
ts2 c 
% Decrease in 
FOMB DT DTEX mg Product Water Cost 
0.000483 10 3.02 127 0. 9 56 0.0 
0.000241 10 3.18 117 0.812 15.1 
Thus a 50% reduction of membrane cost produces only 
a 15 to 16% reduction in water cost. 
5. Effect of FOHT. Keeping FOEV, FOEX at the value 
-7 
of 0.25, FOMB at 0.00241 and reducing FOHT from 2.5xl0 
-7 to 1.25xl0 , Tables IX and X show the minimum cost of 
product water at various values of FOHT are as follows: 
ts2 c 
% Decrease in 
FOHT DT DTEX mg Product Water Cost 
2.50xl0 -7 10 3.36 150 0.797 0.0 
l. 25xl0 -7 10 4.20 165 0.599 24.8 
ts2 c 
% Decrease in 
FOHT DT DTEX mg Product Water Cost 
2.50xl0 -7 10 3.18 117 0.812 0.0 
l. 25xl0 -7 10 4.07 127 0.605 25.5 
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This factor can decrease the total cost of the pro-
duct water by about 24-25% with a 50% reduction and indi-
cates promise if waste heat sources are utilized. 
Tables XI and XII show results that could be 
obtained using the minimum cost figures used in Tables I 
through XII with 1°F increments of DT. It is not pro-
posed that these figures are attainable, but only that 
they are conceivable in the future. One interesting 
result is that cost figures vary little with a change 
from tsl = 250°F with minimum water cost of $0.593 per 
1000 gallons to tsl = 212°F with a water cost of $0.605 
per 1000 gallons. The major reason for this is the limit-
1ng factor of heat transfer coefficients in the correla-
tions used for K • 
m 
B. Effect of DT and t 82 on Area Required and Rates· 
Equations 22 and 23 can be used to calculate the 
membrane area required and the mass transfer (the water 
conversion rate in the evaporator-condenser). In Figure 
4 are plotted the membrane areas required for 1000 lb/hr 
saline water inflow, versus the saline water outlet 
temperature at various temperature driving forces, DT = 
t 8 - tf. F~gure 4 sho~s that the temperature driving 
force has a_ great effect on the membrane area especially 
with low outlet temperatures. This is because the tern-
































I. DT = 5 Fo 
II. DT = 10 Fo 
III. DT = 15 Fo 
IV. DT = 20 Fo 
v. DT = 25 Fo 
150 200 
Outlet Saline Water Temperature, °F 
Figure 4. Membrane area required vs. saline water 
temperature leaving the evaporator-con-




the pressure driving force, P ~ Pf' and the area of 
. s 
membrane required is approximately inversely proportional 
to the pressure driving force. 
In Figure 5 are plotted the transfer rate versus the 
saline water outlet temperature at various temperature 
driving forces based on 1000 lb/hr of saline water inflow. 
In this f~gure, DT has little influence on the water 
conversion rate. This is because the latent heat of 
water dominates the denominator of equation 23, and the 
sensible heat exchange in the numerator is almost inde-
pendent of DT. Thus no matter what DT is, the mass trans-
fer rate changes little at a given value of ts 2 . 
From equation 25 and 26, the cost of membranes and 
evaporator required is decreased as DT increases. From 
equation 46, at a constant DTEX, greater values of DT 
increase the heat requirement. 
C. Effect of DT and t 2 on Water Cost 
From equations 37, 42, 45, and 46 at a constant DT, 
a greater DTEX will increase costs of heater and fuel 
but will decrease the costs of heat exchangers. 
As discussed before, if tsl' the saline water tem-
perature into the evaporator is specified, the variables 
remaining for optimazation are: (1) DT, the temperature 
driving force in the evaporator; (2) DTEX, .the tempera-































I. DT = 5 Fo 
II. DT = 25 Fo 
150 200 
Outlet Saline Water Temperature, °F 
Figure 5. Water conversion rate vs. saline water 
temperature leaving the evaporator-con-




the saline water temperature leavi~g the evaporator. In 
order to find the minimum cost water product, it is 
necessary to obtain the optimum value for each of these 
variables. The optimum value for DTEX at given values of 
ts 2 and DT may be obtained by partially differentiati~g 
the total cost expression with respect to DTEX and setting 
the partial derivative equal to zero. Since the optimum 
DTEX can be calculated, the water cost optimized with 
respect to DTEX can be obtained at various values of ts 2 
and DT. Such costs are plotted ln F~gures 6 and 7 as 
function of the saline water temperature leaving the 
evaporator, t 2 , at various temperature driving forces s . 
in the evaporator, DT. These values are based on the 
same unit cost factors as Tables XI and XII. 
We can inspect these water cost f~gures and find 
the optimum cost is approximately 59.3 cents per 1000 
gallons with the optimum operation condition at t 
s2 = 
155°F, DT = 12 Fo 
' 
DTEX = 4.38 Fo , and based on a temper-
ature of 250°F into the evaporator. This means that the 
saline water enters the evaporator at 250°F and leaves at 
155°F, the temperature driving force in the-evaporator is 
12 F0 , and the temperature driving force in the heat 
exchanger is 4.38°F. Similarly, with a temperature of 
212°F entering the evaporator, the optimum operating 
conditions are ts2 = 127°F, and DT = 11 F
0 
' 
with DTEX = 




























I. DT = 5 Fo 
1.6 II. DT = 10 Fo 
III. DT = 15 Fo 
IV. DT = 20 Fo 
1.4 v. DT = 25 Fo 
1.2 
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Figure 6. Cost of water per 1000 gallons vs. saline 
water temperature leaving the evaporator-




























I. DT = 5 Fo 
II. DT = 10 Fo 
III. DT = 15 Fo 
1.4 Fo IV. DT ::. 20 






100 128 156 184 212 
Outlet Saline Water Temperature, 0 f 
Figure 7. Cost of water per 1000 gallons vs. saline 
water temperature leavi~g the evaporator-
condenser based on tsl = 212°F. 
D. Effect of Saline, Wate·r Te'rrip'E:"rat\ire 'Ente.r'in·g· the 
Evaporato·r· on Water ·cost 
45 
In Figure 8~ the vapor pressure of water and saline 
water is plotted versus temperature. As the figure shows, 
the temperature driving force in the evaporator produces 
the pressure driving force for desalination. Especially 
at higher temperatures~ small differences of temperature 
will cause large vapor pressure differences. 
On this theoretical basis, a high temperature enter-
ing the evaporator should have a decided advantage in 
the desalination. However, as shown by Yeh 1 s correla-
tion (13), the heat transfer coefficient limits the mass 
transfer at higher rates. There is also a lack of 
experimental information in the high temperature range. 
The important terms of the overall heat transfer coeffi-
cient, U , and the overall mass transfer coefficient, K , 
c m 
are both influenced by the temperature driving force. In 
previous studies (10, 11, 13), the K and U were measured 
m c 
at one atmosphere pressure. Thus a temperature of 250°F 
or 212°F into the evaporator is assumed to be practical 
but not necessarily limiti~g this study. If higher heat 
transfer coefficients are attainable, this would improve 
the performance at tsl = 250°F more than performance at 
tsl = 212°F. In this study all costs were based on con-
stant costs of pump and heat excha!lgers regardless of 




100 200 300 400 
Temperature, °F 
F~gure 8. Vapor pressure of water vs. temperature. 
4-7 
for atmospheric_ pressure operation. Within the reasonable 
limits of validity of this study, the best choice of tsl 
is unknown. 
E. Effect of Membrane Thickness on Water Cost 
Membrane thicknesses of one unit (0.018 in.) have 
previously been considered as desirable and practical for 
durability. However, membranes of 1/2 and 1/4 of this 
thickness have been used experimentally and if desirable 
could be used commercially. If the unit cost factors are 
FOEV = 0.50, FOEX = 0.50, FOHR = 1.09xl0- 3 , and FORT=· 
-7 2.50xl0 , and the thickness of the membrane is reduced 
from 1 to 1/4, with a constant membrane cost, FOMB = 
-4 2.4lxl0 , then Tables XIII and XIV show the minimum 
cost of product water at different tsl as follows: 
At t = 250°F. 




Membrane DT DTEX mg Product Water 
1 unit 10 4.64 155 0.971 0. 00 
1/2 10 4. 86 145 0.891 8.25 
1/4 10 5.07 135 0.840 13.50 
At t sl - 212°F, 
Thickness of t c % Decrease Membrane DT DTEX s2 mg Product Water 
1 unit 10 4. 39 122 0. 9 85 0.00 
1/2 10 4. 61 112 0.900 8.62 




From the above values, if the thickness of membrane 
is reduced 75.0% from 1 to 1/4, the cost of product water 
is decreased 13-16%. The membrane thickness effect on 
water cost above is due to increased mass transfer rates. 
Actually, the membrane cost would decrease with decreased 
thickness, but not proportionally. The cost factor used 
above would be about right for the 1/2 thickness, but low 
for a thickness of 1 and high for a thickness of 1/4. 
F. Effect of Heat Transfer Coefficient and Diffusivity 
Recent experimental results which have not yet been 
published (5) have indicated that less expensive types of 
heat exchangers and evaporators may be possible which may 
have heat transfer coefficients of 500 Btu/hr·ft2F0 or 
hsf values of approximately 1000 Btu/hr·ft 2F0 , compar~d to 
previous estimates of 200 and 310. Theoretical consider-
ations and some unpublished experimental results indicate 
that hydrogen-filled membranes should permit a diffusion 
rate appreciably greater than that of an air-filled mem-
brane. For this reason calculations were made to compare 
optimum costs with various values of Uh and hsf' These 
results were also compared with optimum costs obtained 
by modifyi~g equation 15 to allow for diffusion through 
hydrogen. The effect of increased diffusivity was 
estimated by dividing the first and third terms of equa-
tion 15 (with coefficients including diffusivity in the 
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denominator) by 3, the approximate ratio of water diffu-
sivity with H2 to that with air. 
Table XV shows the results of these calculations to 
be as follows: 
200 500 500 
310 1000 1000 
Diffusivity 
Optimum C , $/lOOOgal 
~g . 
0.891 0.594 0.457 
It can be seen that the improvement of these coeffi-
cients can have a significant effect on the costs of the 
water product. Although operation under all the condi-
tions estimated in Table XV have yet to be demonstrated, 
the conditions appear to be reasonable based on potential 
research and development. The results of using these 
conditions could lead to water costs similar to other 
promising desalination methods. 
so 
V. CONCLUSIONS 
This investigation has led to the following conclu-
sions: 
A. As would be expected, the unit cost factors strongly 
influence the water cost. No singie cost factor appears 
to dominate the economics, but probably the most important 
is heat cost, and this indicates the desirability of 
utilizing waste heat sources or possibly solar heat. 
B. The cost of water product decreases slightly with 
decreased membrane thickness due to increased transfer 
rates and lower membrane costs. 
C. Altho~gh the temperature driving force produces the 
vapor pressure driving force the desalination, higher 
temperatures and pressures up to 250°F appear to influence 
the economics of this type of desalination only slightly. 
D. Potential developments of heat exchangers and evapor-
ation equipment at costs of $0.50 per ft 2 with high heat 
transfer coefficients and development of hydrogen-filled 
membranes could reduce water costs for membrane evapora-
tion to as low as $0.46 per 1000 gallons. 
VI. RECOMMENDATIONS 
The following are the recommendations for further 
work on this field: 
A. Calculations with higher temperatures and pressures 
are recommended, if possible with temperatures up to 
500°F, especially if accompanied by means to provide 
higher film heat transfer coefficients. 
B. The mass transfer coefficients and heat transfer 
coefficients with different flow rates, salt concentra-
tions, and types of apparatus should be established. 
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C. A pilot.plant of this type should be established, and 
more detailed cost estimates including all equipment·, 
piping, fuel, power, labor, supervision, maintenance, 
and other items should be made. 
D. Improved membranes and operating techniques using 
low cost, high heat transfer equipment, and lig~tweight 





LATENT HEAT OF WATER 
The latent heat of water, ln the range of SO to 
0 600 F, can be estimated by the following equation within 
2% error (6): 
-4 2 h = 1074.8 - 0.290t- 8.64xl0 t 
Where: h = latent heat of water, Btu/lb 
t = water temperature, °F 
APPENDIX B 
VAPOR PRESSURE OF WATER 
The vapor pressure of water can be expressed as a 
function of temperature as follows (6): 
p 










CX/T)(A + BX + CX3)/(l + DX) 
= vapor pressure, atm 
= 218.67 atm 
c 
= t°C + 273.16 
= T 
- T c 
= 64-7.27 c 
= 3.243781 
= 5 .. 86826 X 10-3 
= 1.1702379 X io-8 




DATA FOR THE EFFECTS OF VARIOUS UNIT COST FACTORS OF 
FOEV, FOEX, FOHR, FOMB, FORT, MEMBRANE THICKNESS, HEAT 
TRANSFER, AND DIFFUSIVITY ON WATER COST 
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Table I. Computer Results with t 81 = 250°F. Optimum 
Cost as a Function of FOEV from 2.00 to 0.25 with Constant 
Factors of FOEX = 2.00, FOHR = 1.09 x 10~ 3 , FOMB = 
-4 -7 4. 8 3 x 10 , and FOHT = 2. 50 x 10 . Optimum Conditions 
are Underlined for Each Group. 
t 
* c F.OEV .. s2 DT DTEX* mg 
2.00 210 5 6.30 2.781 
180 10 8.02 1. 855 
. 165 15 8.55 l. 727 
155 20 8.78 l. 738 
145 25 8.99 l. 803 
l. 00 195 5 7.37 2.167 
170 10 8.55 l. 555 
155 15 9. 03 1.497 
140 20 9.45 l. 5 38 
135 25 9.42 l. 620 
0.50 190 5 7.68 1.840 
160 10 9.04 1.391 
145 15 9.48 l. 369 
135 20 9.66 1.427 
125 25 9.82 1. 518 
. 
0.25 185 5 7.98 1.668 
155 10 9.27 l. 303 
140 15 9.69 l. 300 
130 20 9.86 l. 367 
120 25 10.02 1.463 
*Values of ts2 and DTEX are those found to be optimum by 
inspection and calculation respectively. 
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Table II. Computer Results with tsl = 212°F. Optimum 
Cost as a Function of FOEV from 2.00 to 0.25 with Constant 
Factors of FOEX = 2.00, FOHR = 1.09 X 10"'3 
' 
FOMB = 
-4 -7 4.83 x 10 , and FOHT = 2.50 x 10 . Optimum Conditions 
are Underlined for Each Group. 
FOEV t * s2 DTEX* c DT mg 
2.00 172 5 6.11 2.572 
147 10 7.47 1.850 
132 15 8.01 l. 778 
122 20 8.24 1.831 
117 25 8.21 l. 935 
1. 00 162. 5 6. 8 3 2.026 
137 10 8.03 l. 560 
122 15 8.51 1.547 
112 20 8.71 l. 625 
107 25 8.68 l. 742 
0.50 152 5 7.46 1.734 
127 10 8.54 1.401 
112 15 8.97 1.419 
107 20 8.94 1.510 
102 25 8.90 1.635 
0.25 147 5 7.75 1.580 
122 10 8.77 1. 316 
107 15 9.19 l. 351 
102 20 9.15 1.449 
102 25 8.90 1.581 
*Values of ts2 and DTEX are those found to be optimum by 
inspection and calculation respectively. 
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Table III. Computer Results with tsl = 250°F. Optimum 
Cost as a Function of FOEX from 2.00 to 0.25 with Constant 
Factors of FOEV = 2.00, FOHR = 1.09 x 10-3 , FOMB = 
-4 -7 4.83 x 10 , and FOHT = 2.50 x 10 . Optimum Conditions 
are Underlined for Each Group. 
FOEX ts2 * c DT DTEX* mg 
2,00 210 5 6.30 2.781 
180 10 8.02 1. 855 
165 15 8.55 1. 727 
155 20 8.78 1. 7 38 
145 25 8.99 1. 80 3 
1.00 210 5 4.45 2. 56 8 
185 10 5.46 1. 6 85 
165 15 6.05 1. 570 
155 20 6.21 1. 588 
145 25 6.35 1. 657 
0.50 210 5 3.15 2.412 
185 10 3.86 1:559 
170 15 4.15 1.456 
155 20 4.38 1.479 
145 25 4.49 1.551 
0.25 215 5 2.08 2.295 
185 10 2.73 1.467 
170 15 2. 9 3 1.372 
155 20 3.10 1.400 
145 25 3.18 1.474 
1'Values of ts2 and DTEX are those found to be optimum by 
inspection and calculation respectively. 
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Table IV. Computer Results with tsl = 212°F. Optimum 
Cost as a Function of FOEX from 2.00 to 0.25 with Constant 
Factors of FOEV = 2.00, FOHR = 1.09 X 10-3 
' 
FOMB = 
4.83 x 10-4 , and FOHT = 2.50 x 10-7 . Optimum Conditions 
are Underlined for Each Group. 
t * DTEX* c FOEX s2 DT mg 
2.00 172 5 6.11 2.572 
147 10 7.47 l. 850 
.. 132 
·15 8. 01 l. 778 
122 20 8.24 l. 831 
117 25 8. 21 l. 935 
1. 00 172 5 4.32 2.367 
147 10 5.29 l. 680 
. T32 · ·15 s-.-s 7 l. 620 
122 20 5 .. 8 3 l. 679 
117 25. 5.81 l. 786 
0.50 172 5 3.05 2.216 
152 10 3.59 l. 556 
137 15 3.87 l. 505 
127 20 4.00 1.568 
117 25 4.11 l. 678 
0.25 177 5 2.02 2.104 
152 10 2.54 l. 465 
137 15 2.74 l. 421 
127 20 2.83 1.488 
117 25 2.90 l. 599 
*Values of ts2 and DTEX are those found to be optimum by 
inspection and calculation respectively. 
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Table V. Computer Results with t 51 = 250°F. Optimum 
Cost as a Function of FOEV and FOEX from 2.00 to 0.25 
with Constant Factors of FOHR = 1.09 x 10-3 , FOMB = 
-4 4.83 x 10 , and FOHT = 2.50 X 10-7 . Optimum Conditions 
are Underlined for Each Group. 
FOEV ts2 * c 
FOEX DT DTEX* ~g 
2.00 210 5 6.30 2.781 
180 10 8.02 1. 855 
165 15 8.55 1.727 
155 20 8.78 1.738 
145 25 8.99 1. 80 3 
1.00 200 5 4.97 1. 96 7 
170 10 6.05 1.391 
155 15 6.39 1.343 
145 20 6.53 1. 390 
135 25 6.66 1.474 
0.50 195 5 3.68 1.505 
165 10 4.40 1 ~ 112 
145 15 4.74 1.107 
135 20 . 4. 83 1.172 
125 25 4.91 1.267 
0.25 195 5 2.60 1.240 
160 10 3.20 0.944 
140 15 3.42 0.962 
130 20 3.49 1.037 
120 25 3.54 1.137 
*Values of ts2 and DTEX are those found to be optimum by 
inspection and calculation respectively. 
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Table VI. Computer Results with ·t51 = 212°F. Optimum 
Cost as a Function of FOEV and FOEX from 2.00 to 0.25 
with Constant Factors of FOHR = 1.09 x 10~ 3 , FOMB = 
4.83 x 10-4 , and FOHT = 2.50 x 10-7 . Optimum Conditions 
are Underlined for Each Group. 
FOEV ts2 * c FOEX DT DTEX* mg 
2.00 172 5 6.11 2.572 
147 10 7.47 1.850 
132 15 8.01 l. 778 
122 20 8. 24 l. 831 
117 25 8.21 l. 935 
1. 00 162 5 4.83 l. 832 
137 10 5.68 l. 396 
122 15 6.02 1. 392 
112 20 6.16 1.474 
107 25 6.14 1.593 
0.50 157 5 3.58 l. 408 
132 10 4.14 1.'122 
117 15 4.37 1.154 
107 20 4.47 l. 251 
102 25 4.45 l. 378 
0.25 157 5 2.53 1.163 
127 10 3. 0 2 0.956 
112 15 3.17 l. 007 
102 20 3.24 1.111 
102 25 3.15 1. 246 
*Values of ts2 and DTEX are those found to be optimum by 
inspection and calculation respectively. 
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Table VII. Computer Results with t 81 = 250°F. Optimum 
Cost as a Function of FOMB from 4.83 x 10-4 to 2.41 x 10-4 
with Constant Factors of FOEV = 0.25, FOEX = 0.25, FOHR = 
1.09 x 10- 3 , and FOHT = 2.50 x 10- 7 . Optimum Conditions 
are Underlined for Each Group. 
ts2 * c FOMB DT DTEX* mg 
4.83xl0 -4 195 5 2.60 1. 240 
160 10 3.20 0.944 
140 15 3.42 0.962 
130 20 3.49 1. 037 
120 25 3.54 1.137 
2 -4 
.4lxl0 180 5 2.92 0.961 
150 10 3.36 0. 79 7 
130 IS 3.57 0.843 
115 20 3.69 0.931 
105 25 3.73 1. 038 
'':Values of t 
s2 and DTEX are those found to be optimum by 
inspection and calculation respectively. 
. 
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Table VIII. Computer Results with t 81 = 212°F. Optimum 
Cost as a Function of FOMB from 4.83 x 10-4 to 2.41 x 10-4 
with Constant Factors of FOEV = 0.25, FOEX = 0.25, FOHR = 
1.09 x 10-3 , and FOHT = 2.50 x 10-7 . Optimum Conditions 
are Underlined for Each Group. 
t * c~g .F.OMB s2 DT DTEX* 
4.83xl0 -4 157 5 2.53 1.163 
127 10 3.02 0.956 
112 15 3.17 l. 007 
102 20 3.24 1.111 
102 25 3.15 l. 246 
2.4lxl0 -4 147 5 2.74 0.913 
1'17 10 3.18 0.812 
102 15 3.32 0.887 
102 20 3.24 1.009 
102 24 3.15 1.156 
*Values of t 
s2 and DTEX are those found to be optimum by 
inspection and calculation respectively. 
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Table IX. Computer Results with.t81 = 250°P. Optimum 
Cost as a Function of FOHT from 2.50 x 10-7 to 1.25 x 10-7 
with Constant Factors of FOEV = 0.25, FOEX = 0.25, FOHR = 
1.09 x 10- 3 , and FOMB = 2.41 x 10-4 . Optimum Conditions 
are Underlined for Each Group. 
t * c FOHT s2 DT DTEX* mg 
2.50xl0- 7 180 5 2.92 0.961 
1·5o 10 3.36 0.797 
130 15 3.57 0.843 
115 20 3. 69 0.931 
105 25 3.73 1. 038 
1. 25xl0-7 195 5 3.52 0. 79 3 
165 10 4.20 0.599 
145 15 4.52 0.601 
130 20 4.71 0.639 
125 25 4.69 0.693 
*Values of ts2 and DTEX are those found to be optimum by 
inspection and calculation respectively. 
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Table X. Computer Results with t = 212°F. Optimum 
sl · 
Cost as a Function of FOHT from 2.50 xlo-7 to 1.25 x 10-7 
with Constant Factors of FOEV = 0.25, FOEX = 0.25, FOHR = 
1.09 x 10- 3 , and FOMB = 2.41 x 10-4 . Optimum Conditions 
are Underlined for Each Group. 
t * c FOHT s2 DT DTEX* mg 
2.50xl0 -7 147 5 2.74 0.913 
117 10 3.18 0.812 
102 IT 3. 32 0. 8 87 
102 20 3.24 1. 009 
102 25 3.15 1.156 
1.25xl0- 7 157 5 3.42 0.744 
127 10 4.07 0.605 
112 IT 4.28 0.627 
102 20 4.37 0.682 
102 25 4.25 0.753 
*Values of ts2 and DTEX are those found to be optimum by 
inspection and calculation respectively. 
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Table XI. Computer Results with t 81 = 250°F. Optimum 
Cost as a Function of DT from 5 to 25 with Constant Fac-
-3 
tors of FOEV = 0.25, FOEX = 0.25, FOHR = 1.09 x 10 , 
FOMB = 2.41 x 10-4 , and FOHT = 1.25 x 10~ 7 . Optimum Con-
ditions are Underlined for Each Group. 
ts2 * c DT DTEX* mg 
5 195 3.52 0.793 
.6 185 3.79 0.703 
7 180 3.90 0.655 
8 175 4. 01 0.626 
9 170 4.11 0.609 
10 165 4.20 0.599 
11 160 4.29 0. 59 4 
12 155 4.38 0.593 
13 150 4.47 0.594 
14 150 4.44 0.597 
15 145 4.52 0.601 
16 140 4.60 0.607 
17 140 4.58 0.614 
18 135 4.66 0.622 
19 135 4.63 0.630 
20 130 4.71 0.639 
21 130 4. 69 0.649 
22 130 4.66 0.659 
23 125 4.73 0. 6 7 0 
24 125 4.71 0.681 
25 125 4.69 0.693 
*Values of ts2 and DTEX are those found to be optimum by 
inspection and calculation respectively. 
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Table XII. Computer Results with t 51 = 212°F. Optimum 
Cost as a Function of DT from 5 to 25 with Constant Fac-
tors of FOEV = 0.25, FOEX = 0.25, FOHR = 1.09 x 10~3 , 
-4 -7 FOMB = 2.41 x 10 , and FOHT = 1.25 x 10 . Optimum Con-
ditions are Underlined for Each Group. 
.DT t 
,'t c 
s2 . DTEX*. mg 
5 157 3.42 0.744 
6 152 3.54 0.677 
7 142 3.78 0.641 
8 137 3.89 0.621 
9 132 3.98 0.610 
10 127 3.96 0.605 
. 11 127 4.05 o. 6'05 
IT 122 4.14 0.607 
13 117 4.22 0.612 
14 117 4.20 0.619 
15 112 4.28 0.627 
16 112 4.26 0.636 
17 112 4.23 0.646 
18 107 4.31 0.657 
19 107 4.29 0.669 
20 102 4.37 0.682 
21 102 4.35 0. 69 4 
22 102 4.32 0.708 
23 102 4.30 0.722 
24 102 4.27 0.737 
25 102 4.25 0.753 
*Values of t 
s2 · and DTEX are those found to be optimum by 
inspection and calculation respectively. 
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Table XIII. Computer Results with t 51 = 250°P. Optimum 
Cost as a Function of Membrane Thickness from 1 to 1/4 
Unit with Constant Factors of POEV = 0.50, FOEX = 0.50, 
FOHR = 1.09 X 10- 3 
' 
-4 POMB = 2.41 x 10 , and FORT= 








































DTEX* c mg 
3.99 1. 234 
4'. 64 0' ,'971 
4. 94 0. 9 96 
5.03 1. 074 
5.10 1.176 
4.27 1.130 
4'. 86 0.891 
5.14 0.916 
5.22 0.993 
5.29 1. 092 





*Values of ts 2 and DTEX are those found to be optimum by 
inspection and calculation respectively. 
Table XIV. Computer Results wi,th t 51 = 212°F. Optimum 
Cost as a Function of Membrane Thickness from 1 to 1/4 
Unit with Constant Factors of FOEV = 0.50, FOEX = 0.50, 
FOHR = 1.09 x 10- 3 ,· FOMB = 2.41 x 10-4 , and FOHT = 
69 
2. 50 x lo-·7 .· Optimum Conditions are Underlined for Each 
Group. 
Thickness of t 
* DTEX* c Membrane s2 DT :mg 
1 unit 152 5 3.73 1.165 
. T22 . '10 '4'. 39 0. 9 85 
107 15 4.59 1. 04]. 
102 20 4.58 1.150 
102 25 4.45 l. 289 
1/2 137 5 4.15 1.058 
'112 . '10 . '4','61 0.900 
Tir2 15 4.70 0.961 
102 20 4.58 1.077 
102 25 4.45 l. 219 
1/4 12 7 5 4.40 0. 9 89 
102 10 4. 82 0.846 
102 15 4. 70 0.917 
102 20 4.58 1.037 
102 25 4. 46 1.181 
*Values of ts2 and DTEX are those found to be optimum by 
inspection and calculation respectively. 
Table XVI. Effects of Improved Heat Transfer 
Coefficients and Diffusivity . 
. . . . . . . . . . . . . . . 
. . . '· .. 
Heat Transfer 200 50 0 500 Coefficient, uh 
Film Coefficient, 310 1000 1000 
hsf 
Diffusivity Basis H20-Air H2 0-Air H20-H 2 
0 
ts_l, f 250 250 250 
FOEV 0.50 0.50 0.50 
FOEX 0.50 o.so 0.50 
FOHR l. 09xl0 -3 l.09xl0 -3 l. 09xl0 
Membrane Thickness 1/2 1/2 1/2 1 unit = 0.018 in. 




FOHT 2.50xl0 -7 2.50xl0 -7 
. -7 
2.50xl0 
DT, Fo 10 10 10 
Optimum 0 ts2' F 145 135 100 
Optimum DTEX, Fo 4.86 3.22 3.62 
Optimum C , 
$/1000 gaP~ 0.891 0.495 0.457 
APPENDXX D 
COMPUTER PROGRAM 
The pr~gram was written in Fortran IV language and 




































CALCULATION OF OPTIMUM CONDITION FOR SIMULTANEOUS HEAT AND MASS 
TRANSFER IN POROUS MEMBRANE 
PMAX= VAPOR PRESSURE OF WATER AT THE TEMP. OF GET INTO EVAPORATOR 
PMAX= 60.675 AT 250F; PMAX= 29.893 AT 212F 
FOEV= UNIT COST OF EVAPORATOR, $/SQ FT 
FOEX= UNIT COST OF HEAT EXCHANGER, $/SQ FT 
FOHR= UNIT COST OF HEATER: $/1000 BTU HR 
FOMB= UNIT COST OF MEMBRANE: $/SQ FT DAY 
FOHT= UNIT COST OF FUEL: $/1,000,000 BTU 
TS1= SALINE WATER GETTING INTO EVAPORATOR-CONDENSOR 
DC= NA, WATER TRANSFER, LB/HR 
AA= AREA MEMBRANE 
XM= KM, OVERALL MASS TRANSFER COEFFICIENT 
UC= OVERALL HEAT TRANSFER COEFFICIENT 





























































100 FORMAT (5X, 'TF' ,3X, 'DT' ,2X, 'DTEX' ,4X, 'KM' ,5X, 'UC' ,5X, 'DC'' 5X, 'CC' ,6X, I 
3DA' ,6X,'AA' ,4X,'CMB' ,4X,'CHT' ,7X,'COEX' ,6X,'COEV' ,'{17X,'COHR' ,6X,'CMG') 
READ (1,12) DT 
12 FORMAT (FlO.l) 












































73 WRITE(3,90)TF1,DT,DTEX,XM,UC,DC,CC,DA,AA,CMB,CHT,COEX,COEV,COHR, CMG 
74 90 FORMAT(/4X,F4.0,1X,F3.0,1X,F5.2,2X,F5.3,2X,F5.2,2X,F6.2,1X,F7.2, 1X,F6.2,1 
3X,F7.2,1X,F6.0,1X,F7.0,1X,F10.0,1X,F9.0,1X,F10.0,2X,F6.4) 
75 10 TF1=TF1-DTM 
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